ABSTRACT Background: Adolescents are more likely than adults to consume energy-dense, micronutrient-poor diets and to experience adverse pregnancy outcomes. Objectives: The objectives were to assess micronutrient intake and blood biomarkers prospectively in pregnant adolescents recruited to the About Teenage Eating (ATE) Study and to determine associations with pregnancy outcome. Design: Pregnant adolescents (n ¼ 500) were recruited from 2 UK inner city populations. Dietary intake was assessed with three 24-h dietary recalls, and micronutrient status was assessed by measurement of third trimester blood biomarkers. Pregnancy outcomes included small-for-gestational age (SGA) birth and preterm delivery. Results: Median iron and folate intakes were lower than UK and US recommended amounts. Folate and vitamin B-12 status were lower in smokers, despite no differences in dietary intake. Serum folate was ,7.0 nmol/L in 12% of subjects, and serum total homocysteine (tHcy) was elevated (.10 lmol/L) in 20% of subjects. Fifty-two percent of the subjects had iron deficiency anemia, and 30% had serum 25-hydroxyvitamin D concentrations ,25 nmol/L. The incidence of SGA birth was higher in subjects with poorer folate status (red blood cell folate, P ¼ 0.003; serum folate, P ¼ 0.02; tHcy, P ¼ 0.01; simple regression) and those with low folate intakes, regardless of the inclusion (P ¼ 0.021) or exclusion (P ¼ 0.049) of intake from supplements (simple regression). Adjustment for confounding variables confirmed the independence of these associations. The risk of SGA birth was also higher in subjects with low food iron intake (P ¼ 0.049), but not when intake included iron from supplements (P ¼ 0.21). The risk of SGA birth was lower in subjects with iron deficiency anemia (P ¼ 0.002). Conclusion: Poor micronutrient intake and status increase the risk of SGA births in pregnant adolescents.
INTRODUCTION
Pregnancy during adolescence carries a high risk of poor obstetric outcomes, particularly fetal growth restriction and preterm delivery (1, 2) , with the consequences of biological immaturity frequently complicated by socioeconomic deprivation (3) . Despite successful programs in the United Kingdom and the United States that have reduced teenage conceptions, both countries reported similarly high rates of 41.6 and 41.5 per 1000 women aged 15-17 y, respectively, in 2004 (4, 5) . Rates in the United Kingdom remain the highest in Western Europe (5) .
Adolescents in industrialized countries have typically micronutrient-poor, energy-dense diets, with dietary intakes of folate, iron, and vitamin D being of particular concern (6, 7) . Suboptimal micronutrient status is well recognized as a determinant of adverse pregnancy outcome in adult pregnancy, particularly in developing countries (8) . Furthermore, in the United Kingdom, where dairy products are not fortified with vitamin D, ultraviolet B radiation exposure is insufficient to synthesize adequate amounts of vitamin D during winter months and may also be insufficient during summer months in darker-skinned individuals (9) . The latter constitutes a significant proportion of the population in economically deprived urban areas in the United Kingdom.
Few prospective studies have been conducted in adolescents, and none have examined relations between maternal micronutrient status and pregnancy outcome in a contemporary cohort. We recently undertook a study to determine relations between maternal diet and pregnancy outcome in a cohort of 500 adolescents. This investigation, the About Teenage Eating (ATE) Study, was a prospective, observational study of pregnant adolescents living in inner city areas of the United Kingdom. Here we focus on relations between maternal folate, iron, and vitamin D status and the incidence of small-for-gestational age (SGA) birth and preterm delivery in this cohort.
SUBJECTS AND METHODS

Subjects
From 2004 to 2007, study-specific midwives recruited 500 pregnant adolescents from prenatal clinics at 4 hospitals in London and Manchester, United Kingdom, to the ATE Study. Criteria for inclusion were singleton pregnancy, age 14-18 y, and gestational age (GA) 20 wk. GA was confirmed by ultrasound. Exclusion criteria were as follows: inability to provide informed consent, previous preeclampsia, clotting disorders, HIV/AIDS, hemoglobinopathies, preexisting diabetes, renal disease, hypertension, multiple gestations, or a history of 3 previous miscarriages. Written consent was obtained from all participants, with those aged ,16 y being assessed for capacity to provide informed consent according to accepted UK criteria (10). Ethical approval was obtained from the Central Manchester Local Research Ethics Committee (local registration no. 03/CM/032).
Sociodemographic data
Socioeconomic status was assessed with the Index of Multiple Deprivation 2004 (IMD), which ranks areas of residence by level of affluence (11) and head of household occupation (12) . Tobacco use was assessed twice: by self-report at first interview (GA: 14.3 6 2.7 wk; mean 6 SD) and by measurement of plasma cotinine concentrations during the third trimester.
Maternal anthropometric measures
Weight and height were measured at first interview with hospital weighing scales and a fixed stadiometer. Age-adjusted classification of underweight, overweight, and obesity was made by using LMS GROWTH software (version 2.62; Medical Research Council, United Kingdom), which generates cutoffs equivalent to adult body mass indexes (BMIs; in kg/m 2 ) of 18.5, 25.0, and 30.0, respectively (13, 14) . Low maternal weight gain was defined as ,0.2 kg/wk between the first and second interviews (GA: 30.3 6 2.1 wk). This cutoff was reported previously (15) , being approximately the 15th percentile of midgestational weight gain in a reference population used by the US Institute of Medicine (16) .
Pregnancy outcome
Outcome data were obtained from patient records. Customized birth weight percentiles were calculated by using GROW-CENTILE software (version 5.1; Gestation Network, Birmingham, United Kingdom), which determines predicted birth weight based on maternal BMI, ethnicity, parity, infant sex, and gestational age with the use of coefficients derived from a large UK reference sample (17) . The program generates birth weight z scores that reflect actual relative to predicted birth weight and converts these to percentiles. Customized birth weight percentiles reduce false-positive diagnoses of fetal growth restriction and predict infant morbidity in populations with diverse ethnic compositions (18) (19) (20) . SGA birth was defined as ,10th percentile and large-for-gestational age (LGA) birth as .90th percentile. Preterm birth was defined as delivery at a GA ,37 wk and postterm birth as delivery at a GA 42 wk. Preeclampsia was defined as gestational hypertension with proteinuria (21) .
Laboratory methods
A 30-mL sample of venous blood was collected in the early third trimester (GA: 30.3 6 2.1 wk). Subjects were asked to eat only lightly beforehand, although, for ethical reasons, they were not asked to fast. Whole blood was refrigerated and sent for analysis the same day. Serum and plasma were stored in aliquots at 280°C until assayed. Results from routine full blood counts measured at the first prenatal appointment (GA: 13.1 6 3.7 wk) and during the third trimester (GA: 29.6 6 1.6 wk) were taken from hospital records.
Red blood cell folate was assessed by chemiluminescent immunoassay (Beckman Coulter Inc, Fullerton, CA), and serum folate, serum total homocysteine (tHcy), serum cobalamin, and serum ferritin were measured by competitive enzyme immunoassay (Bayer Diagnostics Europe Ltd, Newbery, United Kingdom). Serum iron was measured by colorimetric analysis (Roche Diagnostics, Lewes, United Kingdom), serum 25-hydroxyvitamin D [25(OH)D] by straight-phase HPLC (22) , and plasma ascorbic acid by reversed-phase HPLC (23) . Plasma cotinine was measured by solid-phase competitive chemiluminescence immunoassay (DPC, Gwynedd, United Kingdom). Plasma creatinine was determined by automated Jaffè reaction (Instrumentation Laboratories Ltd, Warrington, Cheshire, United Kingdom).
Anemia was defined by using Centers for Disease Control and Prevention criteria (24) . Iron deficiency anemia (IDA) was defined as anemia with low serum ferritin (,15 lg/L) (25) , and tissue iron deficiency was defined as low serum iron (,40 lg/dL) with low serum ferritin (26) . Folate deficiency was defined as red blood cell folate ,305 nmol/L or low serum folate (,7 nmol/L) (27) . Elevated homocysteine was defined as tHcy .10 lmol/L (28) and hypovitaminosis D as serum 25(OH)D ,25 nmol/L (29) . Low vitamin C status was defined as plasma ascorbic acid ,23 lmol/L (27).
Dietary assessment
Multiple-pass 24-h dietary recalls, occurring on 3 nonconsecutive days, were conducted by trained interviewers during the third trimester, either in person or by telephone (30) . Photographs of foods commonly eaten in the United Kingdom were used to improve estimation of portion size. These were provided to study participants at the first 24-h dietary recall and were retained for subsequent interviews by telephone. Mean daily nutrient intake was calculated by using the UK Nutrient Databank (Her Majesty's Stationery Office, Norwich, United Kingdom). Dietary data were excluded if energy intake was .3 SDs from the mean (n ¼ 1). Median nutrient intakes were compared with both UK and US dietary reference values for pregnant adolescents (31, 27) .
UK food-composition tables do not adjust for differences in bioavailability between food folates and synthetic folic acid. Therefore, all folate derived from supplements and fortified foods (breakfast cereals, cereal bars, and fat spreads) was assumed to be synthetic folic acid and was multiplied by 1.7 for the estimation of dietary folate equivalents (27) . Because these foods contain little or no food folate before fortification, this method should provide sufficient accuracy. Frequency of supplement use was recorded at recruitment and each subsequent interview.
Solar radiation
Mean daily solar radiation (kWh/m 2 ) for the 2 geographical locations (London, 51.5°N; Manchester, 53.5°N) was calculated individually for the 21-d period before blood sampling by using the SODA-IS database (32) .
Statistical analysis
Of the 500 adolescents recruited, 306 consented to blood sampling. This number provided adequate power to assess differences in nutritional biomarkers between subjects delivering SGA and non-SGA infants. For instance, this sample size provided .90% power to detect a 25% difference in red blood cell folate. Participant data were anonymous and recorded in a secure Internet-based database (MedSciNet, Stockholm, Sweden). Statistical analysis was performed by using STATA statistical software release 9.2 (StataCorp LP, College Station, TX).
Simple and multiple regression analysis with robust SEs were used to determine associations with pregnancy outcome. Skewed biomarker data were log transformed, and comparisons between groups were presented as ratios of geometric means (ratio gm ) with 95% CIs. Generalized linear modeling with a log link allowed presentation of normally distributed biomarkers as ratios of arithmetic means (ratio am ) (33) . Three biomarkers of maternal folate status (red blood cell folate, serum folate, and tHcy) were combined into a single index by using factor analysis (hereafter referred to as the folate factor score), which calculates a weighted average of the 3 values. Analyses of tHcy and pregnancy outcome excluded 5 subjects with plasma creatinine .90 lmol/L (28) . Associations between micronutrient intake and pregnancy outcome were examined by comparing those below the lowest quartile with those above it. Where indicated, associations were adjusted for energy intake by linear regression.
For multiple regression analyses, adjustments were made for potentially confounding variables: maternal smoking, age, ethnicity, underweight, obesity, IMD ranking, and head of household occupation. Adjustment for maternal smoking used self-reported smoking and plasma cotinine concentration; the latter was divided into 3 ordinal categories: ,10, 10-99, and 100 ng/mL. The inclusion of these factors was based on well-documented a priori evidence of an independent association with SGA or preterm birth (34), whereas pregnancy-related disorders, including preeclampsia and poor gestational weight gain, were not considered because they do not share a common cause with folate status (35) . Although recorded, alcohol intake was not considered a confounding variable because self-reported intake in adolescents may be unreliable.
RESULTS
Of the 787 adolescents approached, 214 (27%) declined to participate. Sixty-eight agreed but were unable to proceed, primarily because of exclusion criteria or lack of translation services. The ethnicity and age of those who agreed to participate were similar to those of the adolescents who declined to participate. Of the 500 subjects who attended the first interview, 100 did not attend follow-up interviews but consented to collection of outcome data. A total of 306 subjects provided third trimester blood samples for analysis ( Figure 1 ).
More than half of the sample described themselves as white; the remainder described themselves as predominantly black Caribbean, black African, or of mixed white-Caribbean ethnic origin. Most subjects lived in highly deprived areas, with 80% living in the lowest IMD quartile ( Table 1) . Almost half reported smoking at the beginning of pregnancy, although a third of these had stopped by recruitment. Smoking was most prevalent in white subjects (44%) and was least prevalent in African subjects (0%). The risk of SGA birth was greater in self-reported smokers than in nonsmokers [odds ratio (OR): 2.26; 95% CI: 1.40, 3.66; P ¼ 0.001; n ¼ 475], which was confirmed by plasma cotinine data (100 ng/ mL; OR: 3.00; 95% CI: 1.38, 6.54; P ¼ 0.006; n ¼ 290).
Pregnancy outcome
There was a high incidence of SGA delivery compared with the reference population ( Table 2 ) (36). Subjects who were underweight at recruitment had a higher risk of SGA birth than did those who were in the normal-overweight range (OR: 3.63; 95% CI: 1.67, 7.87; P ¼ 0.001; n ¼ 429) and were more likely to deliver preterm (OR: 2.97; 95% CI: 1.20, 7.39; P ¼ 0.019; n ¼ 434). Median maternal weight gain between the first and second interviews was 0.47 kg/wk (interquartile range: 0.32, 0.62). Low weight gain (,0.2 kg/wk) was strongly associated with SGA birth (OR: 2.74; 95% CI: 1.35, 5.55; P ¼ 0.005; n ¼ 363) but not with preterm birth (P ¼ 0.49). There were no associations between socioeconomic status and pregnancy outcome. 
Micronutrient status
Age, BMI, ethnicity, and incidence of SGA birth did not differ significantly between subjects who provided blood samples (n ¼ 306) and those who did not (n ¼ 194), although the risk of preterm birth was higher in the latter group (OR: 2.06; 95% CI: 1.12, 3.76; P ¼ 0.02). Eighty-one percent (n ¼ 403) of the original sample had full blood count data from the first prenatal visit, and 72% (n ¼ 361) had data from the third trimester.
Folate and vitamin B-12
Three percent of subjects had red blood cell folate concentrations ,305 nmol/L, 12% had serum folate concentrations ,7.0 nmol/L, and 20% had tHcy concentrations .10 lmol/L. Serum folate and serum vitamin B-12 were negatively correlated with tHcy: r p ¼ 20.41 (P , 0.001) and r p ¼ 20.13 (P ¼ 0.024), respectively.
Smoking was associated with lower concentrations of red blood cell folate (ratio gm : 0.82; 95% CI: 0.72, 0.94; P ¼ 0.006), serum folate (ratio gm : 0.80; 95% CI: 0.67, 0.96; P ¼ 0.015), and serum cobalamin (ratio gm : 0.77; 95% CI: 0.68, 0.88; P , 0.001). Mean corpuscular volume was negatively correlated with red blood cell folate (r p ¼ 20.14, P ¼ 0.026) and positively correlated with hemoglobin (r p ¼ 0.29, P , 0.001).
Red blood cell folate and serum folate were significantly lower and tHcy higher in adolescents who delivered SGA infants; these differences persisted after adjustment for confounding variables ( Figure 2, Table 3 ). The association between SGA birth and folate status was most significant per the folate factor score (P ¼ 0.001) (Figure 2 ). The serum tHcy concentration was higher (ratio gm : 1.20; 95% CI: 1.02, 1.43; P ¼ 0.03) in subjects who delivered preterm, which persisted after adjustment for confounding variables (ratio gm : 1.19; 95% CI: 1.02, 1.39; P ¼ 0.023). Serum cobalamin was not associated with pregnancy outcome.
Subjects who reported consuming folic acid supplements during early pregnancy had a higher red blood cell folate concentration (ratio gm : 1.27; 95% CI: 1.16, 1.41; P , 0.001) and a marginally higher serum folate concentration (ratio gm : 1.13; 95% CI: 1.00, 1.28; P ¼ 0.057) during the third trimester than those who did not take supplements, although serum tHcy was not different (P ¼ 0.39). There was no significant association between folic acid supplement use in early pregnancy and a reduced risk of delivery of an SGA infant (OR: 0.62; 95% CI: 0.37, 1.04; P ¼ 0.069).
Iron
The incidence of anemia rose from 11.9% [mean (6SD) hemoglobin concentration: 122 6 11 g/L; n ¼ 404] in early pregnancy to 63.5% (108 6 10 g/L; n ¼ 362) during the third trimester, when IDA was confirmed in more than half of participants (149 of 265). Mean corpuscular volume did not change significantly from early pregnancy (87.3 6 5.5 fl; n ¼ 404) to the third trimester (87.7 6 5.1 fl; n ¼ 362; P ¼ 0.36 by unpaired t test). Tissue iron deficiency was found in 34% of subjects (100 of 291) and was associated with a higher rate of preterm birth (12.0% compared with 5.3%; P ¼ 0.042 by chi-square test) but not of SGA birth (P ¼ 0.54). The risk of SGA birth was lower in those with IDA (OR: 0.35; 95% CI: 0.17, 0.69; P ¼ 0.002; n ¼ 262), although there was no difference in the rate of preterm birth (P ¼ 0.480).
Vitamin C
Plasma ascorbic acid was ,23 lmol/L in 8% of adolescents (22 of 282). Concentrations were lower in smokers than in nonsmokers (ratio am : 0.68; 95% CI: 0.54, 0.85; P ¼ 0.001) but were not associated with pregnancy outcome or maternal anemia.
Vitamin D
The mean serum 25(OH)D concentration was 33.0 nmol/L (95% CI: 30.4, 35.8; n ¼ 263), with a third of subjects having concentrations ,25 nmol/L. There were major differences between ethnic groups; 19% (30 of 158) of white and mixed whiteCaribbean adolescents had a low vitamin D status compared with 49% (40 of 81) of black adolescents (P , 0.001). Whereas values in white and mixed white-Caribbean subjects were highly seasonal, those in black African and Caribbean subjects were not ( Figure 3A) . Mean daily solar radiation was highly correlated with vitamin D status in white and mixed white-Caribbean adolescents but not in black African and Caribbean subjects ( Figure 3B ). Serum 25(OH)D concentrations did not differ significantly by pregnancy outcome. Relation between folate factor score and SGA birth (n ¼ 290). Folate factor score defined by factor analysis of red blood cell folate, serum folate, and serum total homocysteine. Curve obtained by multiple logistic regression of logtransformed biomarkers. E: Relation between quartiles of folate intake and SGA birth (n ¼ 288). Subjects in the lowest quartile of folate intake (,187 lg/d) were more likely to deliver an SGA infant than were subjects with higher intakes (odds ratio: 2.71; 95% CI: 1.28, 5.71; *P ¼ 0.009, energy-adjusted). Columns represent the probability of SGA birth, determined by multiple logistic regression of folate intake and SGA birth, adjusted for energy intake. Error bars represent 95% CIs. The dashed line indicates the incidence of SGA birth in the sample as a whole.
Dietary intake
Subjects who provided complete dietary data (n ¼ 290) did not differ in terms of age, BMI, ethnicity, and incidence of SGA birth from those who did not (n ¼ 210). However, the rate of preterm birth was higher in those who did not provide complete dietary data (16.0% compared with 5.9%; P , 0.001 by chi-square test).
The median intakes of most micronutrients exceeded the UK Reference Nutrient Intake (RNI), with the exception of vitamin A, folate, magnesium, iron, and vitamin D ( Table 4) . Subjects with a folate intake below the lowest quartile (,187 lg/d) were more likely to deliver SGA infants than were those with higher intakes (OR: 2.20; 95% CI: 1.13, 4.27; P ¼ 0.020) (Figure 2 ), and this difference persisted after adjustment for energy intake (OR: 2.71; 95% CI: 1.28, 5.71; P ¼ 0.009) and confounding variables (OR: 3.13; 95% CI: 1.23, 7.91; P ¼ 0.016). Similar results were found when folate intake was calculated as dietary folate equivalents (OR: 2.66; 95% CI: 1.19, 5.96; P ¼ 0.017 in the fully adjusted model) or when intake from supplements was excluded (OR: 2.46, 95% CI: 1.05, 5.76; P ¼ 0.039, fullyadjusted model). Folate intake was positively correlated with red blood cell folate (r ¼ 0.42, P , 0.001) and serum folate (r ¼ 0.36, P , 0.001) and was marginally negatively associated with serum tHcy (r ¼ 20.13, P ¼ 0.054). Folate intake did not differ between smokers and nonsmokers (P ¼ 0.10) or between ethnic groups (P ¼ 0.14). Supplements contributed 10.5 6 52.2 lg/d of folic acid to supplement users (n ¼ 17) and 6.64 6 16.6 lg/d to the mean intake of the study cohort.
Subjects with food iron intake below the lowest quartile (,7.74 mg) were more likely to deliver an SGA infant (OR: 1.96; 95% CI: 1.00, 3.83; P ¼ 0.049); this difference strengthened after adjustment for energy intake (OR: 2.98; 95% CI: 1.22, 7.30; P ¼ 0.017) and for confounding variables (OR: 3.69; 95% CI: 1.15, 11.82; P ¼ 0.028). However, total iron intake, including that from supplements, was not associated with SGA birth (P ¼ 0.21). No other dietary variable was associated with pregnancy outcome.
Approximately 12% of participants (58 of 498) reported taking supplements containing iron during early pregnancy. By the third trimester, 21% of those with dietary data reported taking iron supplements, which contributed 33.8 6 22.2 mg Fe/d to supplement users (n ¼ 57) and 6.64 6 16.6 mg/d to the mean intake of the study cohort. There was, however, no difference in food iron intake between those taking iron supplements and those that did not (10.4 mg/d compared with 10.2 mg/d; n ¼ 290; P ¼ 0.70 by simple regression). Total iron intake, including supplements, showed no relation with serum ferritin (P ¼ 0.16) or serum iron (P ¼ 0.96), but a strong negative correlation with hemoglobin concentration (r ¼ 20.17, P ¼ 0.006). Food iron intake was unrelated to hemoglobin concentration (P ¼ 0.94).
Vitamin C intake was correlated with plasma ascorbic acid (r ¼ 0.40, P , 0.001) and was lower in smokers than in nonsmokers (ratio gm : 0.70; 95% CI: 0.58, 0.86; P ¼ 0.001). Six participants (2.1%) took supplements containing vitamin C, which provided 16.7 6 10.3 mg/d (mean 6 SD) vitamin C to supplement users and 0.34 6 2.73 mg/d to the mean intake of the study cohort. Vitamin C intake was not associated with any index of maternal iron status.
Vitamin D intake was not correlated with serum 25(OH)D concentration (P ¼ 0.83). Only 5 participants (1.7%), 3 of whom were white, took supplements containing vitamin D. These supplements provided 3.0 6 0.75 lg/d (mean 6 SD) vitamin D to supplement users and 0.05 6 0.40 lg/d to the mean intake of the study cohort.
DISCUSSION
This study has shown important inadequacies in the micronutrient status of pregnant adolescents consuming a diet typical of low-income groups in industrialized countries. Associations between folate status and birth weight have been suggested previously by studies in adults (37) (38) (39) (40) . However, implications of causality have been tempered by a combination of marginally significant results (37), lack of adjustment for confounding (38) , use of a single folate biomarker (39), or concurrent proteinenergy malnutrition (40) . This study presents, for the first time, evidence derived from multiple indicators that strongly implicates suboptimal folate status in the restriction of fetal growth during adolescent pregnancy. Furthermore, these relations were observed within normal ranges of red blood cell and serum folate.
There are several potential mechanisms by which folate deficiency can contribute to restricted fetal growth. Folate is an essential component of DNA synthesis and cell proliferation, and inadequate folate availability has been shown to have profound adverse effects in rapidly dividing cells, such as those of the developing conceptus (41) . Suboptimal folate status has been associated with increased rates of apoptosis and dysplasia, which results in reduced cell specialization and an increased risk of congenital abnormalities (41, 42) . Elevated tHcy concentrations resulting from low folate status may also impair vascular function (43) . Poorer folate and vitamin B-12 status in smokers, independent of dietary intake, has been recognized previously among both pregnant (39) and nonpregnant adults (44) , although it has yet to be determined whether components of cigarette smoke directly cause folate depletion. Because folate requirements and catabolism increase severalfold during the latter half of pregnancy (45) , any effect of smoking would likely be magnified during this period.
Anemia was highly prevalent in this cohort, with 86% of subjects having a serum ferritin concentration indicative of depleted bone marrow iron stores (24) . The prevalence of IDA was similar to that reported in pregnant African American adolescents (46) and suggests an urgent need to improve screening for maternal iron deficiency. The apparent paradoxical negative association between hemoglobin concentration and total iron intake is likely to have resulted from a recent prescription of iron supplements for the treatment of anemia; therefore, the total iron intake was probably a poor index of habitual iron intake. The relation between low food iron and a higher rate of SGA birth suggests that adolescent diets low in iron may have a role in reduced fetal growth, although lack of corroborative evidence from iron biomarkers prevents a more definitive conclusion. We did not differentiate between dietary intake of heme and nonheme iron. Whereas the latter tends to be less well absorbed than heme iron in the nonpregnant state, during mid-to-late gestation this difference is markedly reduced as intestinal absorption of nonheme iron increases (47) . However, iron absorption remains susceptible to dietary intake of inhibitors and facilitators such as phytates, tannins, and ascorbic acid, although we found no relation between vitamin C intake and maternal iron status.
Assessment of maternal iron status during late pregnancy may be affected by inadequate plasma volume expansion and acute infection (25) , and these factors provide the most plausible explanation for the lower rate of SGA birth in subjects with IDA and the higher rate of preterm birth in those with low serum iron. Evaluation of maternal inflammatory status and infection in future adolescent cohorts would provide further insight into this relation.
This study is the first to have highlighted the extent of poor vitamin D status in pregnant adolescents, who, in common with most of the UK population, appear to derive only a small proportion of their vitamin D requirements from dietary sources (48) . Although the strong correlation between serum 25(OH)D concentration and ambient solar radiation in white and mixedrace subjects was to be expected, the lack of a correlation in darker-skinned subjects implies that these individuals were unable to absorb sufficient ultraviolet B radiation, even during the summer months. Whether this was due to cultural practices concerning clothing (49) or skin pigmentation, this observation highlights the urgent need to address poor vitamin D status during pregnancy in dark-skinned adolescents living at high latitudes and accords with a recent report of adult pregnant women in Pittsburgh, PA (9) . Although maternal vitamin D status was not associated with SGA or preterm birth, poor maternal vitamin D status as shown here is of concern because it may result in impaired maternal-fetal transfer of 25(OH)D and consequently reduced bone mineral content during infancy and childhood (50) .
The high incidence of SGA birth in the study population gives cause for concern, because fetal growth restriction is associated with higher rates of infant morbidity and a greater risk of metabolic disease in later life (51) . SGA births to adolescent mothers have been attributed previously to altered macronutrient partitioning (52) , competition between maternal and fetal growth (53) , smoking, and low socioeconomic status (1) . This study now suggests that maternal micronutrient status may also play an integral role. We used customized birth weight percentiles to assess fetal growth because they adjust for maternal and fetal characteristics that can result in constitutionally small infants and because they are known to improve the prediction of neonatal morbidity and perinatal mortality (17) (18) (19) (20) . Moreover, the relations between micronutrient status and pregnancy outcome persisted after adjustment for principal relevant variables, making the results robust to confounding. This study had some limitations. Although pregnancy outcome data were obtained from .97% of participants, itinerant lifestyles and a lack of teenage-specific prenatal clinics led to some difficulty in maintaining contact. Despite this, recruitment and retention remained comparable with other studies of similarly deprived populations (48) . For ethical reasons we could not collect pregnancy outcome data from nonparticipants, but the incidence of SGA birth in the study cohort was similar to that previously reported in pregnant adolescents in the United Kingdom (1). In .75% of cases, the women giving samples for analysis also gave dietary data. However, there were more preterm births in those subjects who did not provide blood samples or dietary data; therefore, some caution should be exercised in extrapolation to other populations with regard to this outcome.
The data presented here provide a strong rationale for evaluating the effect of increased intakes of folate, iron, and vitamin D in pregnant adolescents and suggests that micronutrient status may be improved by cessation of smoking. The UK Food Standards Agency has been considering mandatory fortification of flour with folic acid, as is the case in the United States. Our results indicate that such a policy in addition to preventing neural tube defects may have additional benefits in terms of pregnancy outcome. Fewer than half of participants in this study reported consuming supplements containing folic acid during early pregnancy, and very few took supplements during the third trimester. Although supplement use during early pregnancy was associated with better folate status in the third trimester, it was insufficient to translate to a reduction in the third trimester serum tHcy concentration or to a significant reduction in the delivery of SGA infants. Some studies in adults have suggested that prenatal folic acid supplementation may increase infant birth weight in populations with poor folate status (54) , but there has to date been no attempt to evaluate influences of folate supplementation throughout pregnancy on adolescent pregnancy outcome.
Exposure to sunshine remains the principal source of vitamin D in the United Kingdom, because few foods are fortified with vitamin D. Whereas supplementation during pregnancy is advocated by the UK Department of Health, ,2% of the subjects in the study reported taking supplements containing vitamin D. Supplements containing folic acid, vitamin C, and vitamin D are now freely available to all pregnant adolescents in the United Kingdom, as are food vouchers and dietary advice. Although this study strongly supports such initiatives, care should be taken to rigorously assess uptake in this age group. Strategies developed through consultation with teenagers may ultimately lead to better compliance and improved pregnancy outcomes.
